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ABSTRACT et al., 1999; Humenik et al., 1987; Line et al., 1997; Loague
et al., 1998). Various routes of nonpoint-source pesticideRecently, much attention has been focused on insecticides as a
transport into surface waters have been addressed (Baker,group of chemicals combining high toxicity to invertebrates and fishes
1983; Edwards, 1973; Groenendijk et al., 1994; Schiavonwith low application rates, which complicates detection in the field.
et al., 1995).Assessment of these chemicals is greatly facilitated by the description

and understanding of exposure, resulting biological effects, and risk Surface runoff due to rainfall events has attracted the
mitigation strategies in natural surface waters under field conditions most attention and several studies have summarized
due to normal farming practice. More than 60 reports of insecticide- data on pesticides in runoff (Baker, 1983; Leonard, 1990;
compound detection in surface waters due to agricultural nonpoint- Wauchope, 1978; Willis and McDowell, 1982). Edge-
source pollution have been published in the open literature during of-field losses of pesticides range from less than 1% of
the past 20 years, about one-third of them having been undertaken the amount applied to 10% or more. Losses are greatestin the past 3.5 years. Recent reports tend to concentrate on specific

when severe rainstorms occur soon after pesticide appli-routes of pesticide entry, such as runoff, but there are very few studies
cation. The relative importance of sediment transporton spray drift–borne contamination. Reported aqueous-phase insecti-
versus runoff water depends primarily on the soil ad-cide concentrations are negatively correlated with the catchment size
sorption properties of the pesticide (Wauchope, 1978).and all concentrations of �10 �g/L (19 out of 133) were found in

smaller-scale catchments (�100 km2). Field studies on effects of insec- The potential for pesticide input into surface water fol-
ticide contamination often lack appropriate exposure characterization. lowing passage through the soil, including drainage
About 15 of the 42 effect studies reviewed here revealed a clear transport, has been reviewed by Flury (1996). Particu-
relationship between quantified, non-experimental exposure and ob- larly in loamy soils, there is evidence that even strongly
served effects in situ, on abundance, drift, community structure, or adsorbed chemicals can move along preferential flow
dynamics. Azinphos-methyl, chlorpyrifos, and endosulfan were fre-

pathways. Although a direct comparison appears diffi-quently detected at levels above those reported to reveal effects in
cult, Flury (1996) concluded that the mass lost by leach-the field; however, knowledge about effects of insecticides in the field
ing seems generally to be smaller than that lost by run-is still sparse. Following a short overview of various risk mitigation
off, depending of course on the slope of the fields.or best management practices, constructed wetlands and vegetated

ditches are described as a risk mitigation strategy that have only There are several generic scenarios for spray drift and
recently been established for agricultural insecticides. Although only spray deposition on surface waters. A large number of
11 studies are available, the results in terms of pesticide retention standardized drift studies conducted in Germany have
and toxicity reduction are very promising. Based on the reviewed been summarized by Ganzelmeier et al. (1995) and up-
literature, recommendations are made for future research activities. dated by Rautmann et al. (2001). The results were used

to derive basic drift values widely used in European
Union countries for regulatory risk assessment and 95th-

Agricultural pesticides are indispensable in mod- or 90th-percentile values for deposited drift material for
ern farming. They are highly beneficial to the crops distances between 3 and 250 m. On the other hand, the

being grown, but their effects are less than desirable Spray Drift Task Force’s (SDTF) data set was analyzed
when they leave the target compartments of the agricul- and used to develop generic deposition curves with 95%
tural ecosystem. Any unintended loss of pesticide is not confidence limits for distances between 0 and 549 m
only wasteful, but also represents a reduced efficiency (USEPA, 1999a), which are proposed for use in risk
and incurs increased costs to the user and the nontarget assessment. Short- or long-range atmospheric transport
environment (Bowles and Webster, 1995; Falconer, with subsequent deposition into surface waters has re-
1998). Nonpoint-source pesticide pollution from agricul- cently been reported as a route of entry for current-use
tural areas is widely regarded as one of the greatest pesticides into the Sierra Nevada (Le Noir et al., 1999),
causes of contamination of surface waters (Gangbazo but not enough information is available to assess its

importance. In addition to measurement of actual expo-
sure concentrations, models that predict exposure toZoological Institute, Technical University, Fasanenstrasse 3, D-38092
pesticides in surface waters have been developed andBraunschweig, Germany. Received 30 Aug. 2002. *Corresponding

author (R.Schulz@tu-bs.de). are currently used in ecological risk assessment based
on worst-case and probabilistic scenarios (Adriaanse etPublished in J. Environ. Qual. 33:419–448 (2004).
al., 1997; Groenendijk et al., 1994; Hart, 2001). ASA, CSSA, SSSA

677 S. Segoe Rd., Madison, WI 53711 USA Among the various types of pesticides that potentially
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contaminate surface water, insecticides play an impor- tic interactions among individual stressors and between
anthropogenic and natural perturbations. Thus, it is es-tant role in aquatic ecosystems as documented by the

accumulated data on their detrimental effects to com- sential that predictions derived from experimental ap-
proaches be validated in natural ecosystems and thatmunity structure, reproduction, and developmental pro-

cesses among several taxa including macroinvertebrates, long-term monitoring efforts be implemented to ensure
that unexpected long-term ecosystem effects do not oc-amphibians, birds, fish, and other wildlife (Colborn et

al., 1993; Scott et al., 1987; Thompson, 1996). According cur (Cairns et al., 1994). Ecosystem-level information
is not only relevant to the effects of pollutants, but isto the database of the United States National Center

for Food and Agricultural Policy, the use of insecticides also considered beneficial for exposure assessment in
facilitating the monitoring of pollutant presence in envi-in the USA has increased by 18.2%, from 67 116 metric

tons in 1992 to 82 080 metric tons of active ingredient in ronmental compartments (Touart and Maciorowski,
1997; Van Dijk et al., 2000).1997 (National Center for Food and Agricultural Policy,

1997). Due to their relatively high toxicity to aquatic Although some reviews or summary reports on the
presence of insecticides in various nonpoint routes havefauna (Brock et al., 2000), many insecticides are regarded

as priority pollutants among the variety of chemicals been published (e.g., Ganzelmeier et al., 1995; Wau-
chope, 1978), there are almost no such studies ad-entering aquatic systems via nonpoint sources. From a

review of a pesticide risk reduction program in Ontario, dressing work that has been done on the presence or
effects of insecticides in the receiving surface waters.Canada using data collected from 1973 to 1998, Gallivan

et al. (2001) concluded that major reductions in risk can Willis and McDowell (1982) listed toxicity data and
physicochemical properties for pesticides that occur inbe achieved by reducing the use of high-risk pesticides

(e.g., insecticides) on fruit and vegetables. surface runoff. An overview of the biological effects of
agriculturally derived surface-water pollutants is givenAs for most pesticides, there are numerous reports

related to the single-species laboratory toxicity of insec- by Cooper (1993). Conservation tillage in relation to
pesticide runoff in surface waters is generally summa-ticides (USEPA, 1995). The microcosm and mesocosm

studies available have recently been summarized and rized by Fawcett et al. (1994) and what is known about
the ecotoxicology of wetlands has recently been summa-reviewed by Brock et al. (2000). Keeping in mind that

the ultimate scientific goal in the ecological risk assess- rized (Lewis et al., 1999). Studies on pesticide ecotoxi-
cology in tropical aquatic habitats in Central Americament of pesticides is to understand and assess potential

effects under field conditions, there is a need for expo- were summarized by Castillo et al. (1997), with emphasis
on the pesticide contents in the biota, and Clark et al.sure and effect studies conducted in natural surface wa-

ters affected by normal farming practices. From a limno- (1993) reported ecotoxicological examples from coastal
wetlands. From all these reviews, the lack of data refer-logical point of view, Schindler (1998) has compared

the results of bottle and mesocosm experiments with ring to insecticide exposure, effects, and risk mitigation
under field conditions is apparent.whole-ecosystem experiments using the Experimental

Lake Area (ELA) in northwestern Ontario, Canada.
He concluded that the upscaling from mesocosm to AIMS
whole lakes and even from small lakes to bigger ones

The purpose of this review is to:may result in considerable shortcomings and misinter-
pretations due to major differences in spatial and tempo- • compile and interpret the results of case studies in which
ral scales. Moreover, biochemical and fitness differences nonpoint-source insecticide contamination, resulting from

normal farming practices, was measured in aquatic habi-in sensitivity to insecticides of field and laboratory-
tats, to describe the exposure situation;derived populations of midge (Chironomus riparius) have

• compile and interpret the results of field studies in whichbeen reported (Hoffman and Fisher, 1994), further illus-
the effects of insecticides were measured in aquatic habi-trating the difficulties in the translation of experimental
tats under normal agricultural practice, to describe theresults to natural environments.
effect situation;Although laboratory tests using aquatic organisms are • evaluate the field situation through a comparison of expo-

of unquestionable benefit in assessing the hazard of sure and effect studies;
pesticides to aquatic ecosystems, the simplistic environ- • compile and interpret the results of field studies on the
mental conditions under which they are often conducted use of constructed wetlands as a risk mitigation strategy
limit their predictive capability. In the early 1980s, Koe- for aquatic nonpoint-source insecticide pollution; and

• propose directions for future research efforts.man (1982) emphasized developing test systems that
reflect a greater complexity. Although multispecies ap-
proaches, subsequently developed, eliminated some of

EXPOSUREthese problems, these protocols still suffer from inherent
limitations when laboratory results are extrapolated to There are various studies reporting the pesticide con-
predicted effects on natural aquatic ecosystems. Ecosys- tamination of surface waters on a national or even inter-
tems are typically affected by several stressors (e.g., national scale. Results of the United States National
varying water levels, habitat alterations, chemical pollu- Water Quality Assessment (NAWQA) Program per-
tion) simultaneously, and the intensity of each varies formed by the U.S. Geological Survey were reported
through space and time. Cumulative effects of these by Larson et al. (1999). The data available for northern

European countries such as Norway, Sweden, and Fin-multiple effects are altered by synergistic and antagonis-
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land have been summarized on behalf of the European drinking water, ground water, dam water, and spring
water, pesticides were detected about five times moreUnion by Lundbergh et al. (1995), those for the Nether-

lands by the Committee for Integral Water Manage- often below the European drinking water threshold
level for individual pesticide compounds of 0.1 �g/Lment/Committee for the Enforcement of the Water Pol-

lution Act (1995) and Teunissen-Ordelmann and Schrap than above this level, which can be simply explained by
the higher likelihood of low-level pollution occurring(1997), those for England and Wales by Environment

Agency (2000), and those for Germany by the Federal and thus being detected. Although similar results would
be expected, for river water twice as many detectionsEnvironmental Agency (Federal Environmental Agency,

1999) and Zullei-Seibert (1990). Some data for Den- were above the 0.1 �g/L level than below, suggesting a
non-negligible matrix influence of the type of water tomark are reviewed by Mogensen and Spliid (1995), but

this report deals exclusively with herbicides. However, be analyzed. It follows from these results that many
low-level contaminations are presumably not detectedmost of these studies are based on regular governmental

monitoring programs and are not discussed further in in agricultural rivers and lakes, simply because of the
matrix influence. A further aspect adding to the diffi-this review.

Table 1 lists case studies published since 1982 on culty to detect current-use insecticide contamination is
the fact that the toxicity of modern insecticides, such asthe detection of insecticides in surface waters due to

agricultural nonpoint-source pollution. The reports are pyrethroids, is generally higher than for older groups
of compounds. Therefore, lower application rates aresorted according to the insecticide compound; for a

given compound detections in water are listed first, fol- used to obtain the same level of pest control, resulting
also in lower-level contamination in the environment,lowed by detections in suspended particles and sedi-

ments. There are numerous studies published before which is considerably more difficult to detect.
Results of an extensive program on pesticide loss to1982 that are not included in Table 1, most of them

dealing with organochlorine insecticides (e.g., Bradley stream water from agricultural areas of the Great Lakes
catchment in Ontario, Canada revealed the presenceet al., 1972; Cope, 1966; Croll, 1969; Gorbach et al.,

1971; Greichus et al., 1977; Greve, 1972; Heckman, 1981; of carbofuran, chlorpyrifos, diazinon, endosulfan, and
ethion (Table 1) in water samples at levels up to 3.8Herzel, 1971; Jackson et al., 1974; Kuhr et al., 1974;

Miles, 1976; Miles and Harris, 1971, 1973; Pollero et al., �g/L (Frank et al., 1982; Richards and Baker, 1993).
Later investigations focused on the contamination of1976; Richard et al., 1975). Ramesh et al. (1991) gave a

short overview of exemplary studies on organochlorine farm wells with pesticides (Frank et al., 1990, 1987a,
1987b). Various studies in British Columbia, Canadacontamination in surface waters. In 1960, a study on the

input of parathion into a farm pond in South Carolina were stimulated by detection of endosulfan at a very
high concentration of 1530 �g/L in ditch water duringwas started (Nicholson et al., 1962), which is regarded

as one of the pioneer investigations on insecticides in spray application on adjacent fields. Levels in sediments
varied in affected ditches between 2 and 150 �g/kg, withagricultural surface waters.

During the past two decades, the number of published an average of 18.8 �g/kg (Wan, 1989). A follow-up study
focused on organophosphate insecticides, of which dia-studies has increased continuously. A total of 10 studies

were reported in the 7-yr period between 1982 and 1989, zinon, dimethoate, fensulfothion, and parathion (Ta-
ble 1) were detected in farm ditches channeling thewhile 15 and 24 studies were published in the subsequent

5-yr periods between 1990 and 1994 and between 1995 discharge from vegetable and field crop areas (Wan et
al., 1994). Later, Wan et al. (1995a; Table 1) reportedand 1999. Finally, a total of 23 studies came out in the

period of only 3.5 yr between 2000 and the middle of on extensive data on concentrations of endosulfan in
soils, ditch water, and sediments (Wan et al., 1995a;2003. The number of times an insecticide was detected

also increased and was 33, 37, 56, and 58 in the respective Table 1) as well as azinphos-methyl and parathion-ethyl
losses from cranberry (Vaccinium oxycoccos L.) bogstime periods, while the number of insecticide com-

pounds that were detected did not show any particular (Wan et al., 1995b), which led to peak levels of 175 and
21 �g/L, respectively, in the adjacent surface water.trend, with 21, 16, 24, and 16 different compounds, re-

spectively. Although these numbers refer only to studies Cooper and coworkers at the USDA Agricultural
Research Service’s National Sedimentation Laboratoryavailable in the open literature, they demonstrate a clear

increase of scientific interest in the topic, probably in the 1970s initiated studies on the effects of agricultural
erosion on aquatic ecosystems in the lower Mississippidriven by the development of modern analytical meth-

ods, such as gas chromatography–mass spectrometry, River catchment (Cooper, 1987; Cooper and Bacon,
1980; Cooper and Knight, 1986; Cooper et al., 1993;gas chromatography–tandem mass spectrometry, or liq-

uid chromatography–tandem mass spectrometry and by Dendy, 1983), which they later extended to the detection
of pesticide contamination in various surface water eco-the increasing need for data on pesticide exposure to

assess human and environmental health. systems. Residual concentrations of insecticides such as
DDT and toxaphene were reported from fishes, surfaceOn the other hand, the detection of low levels of

pesticides in river water is considerably more difficult water, and sediments (Cooper et al., 1987; Cooper and
Knight, 1987). Other studies took place in the Moonthan in many other types of waters. This is illustrated

by results from a large monitoring data set compiled Lake, a 10.1-km2 oxbow lake of the Mississippi River,
and measured the current-use insecticides fenvalerateby German drinking-water authorities (Zullei-Seibert,

1990). In relatively easy-to-analyze matrices, such as (0.11 �g/L and 10.8 �g/kg), permethrin (0.13 �g/L), and
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parathion-methyl (0.49 �g/L) originating from cotton dieldrin, DDT, and parathion-ethyl (House et al., 1992),
while more recent papers from this group have reported(Gossypium hirsutum L.), soybean [Glycine max (L.)

Merr.], and rice (Oryza sativa L.) farming, which were permethrin in sediment cores (Daniels et al., 2000) or
concentrated on other insecticide sources, such as thefound sporadically in water and sediments and in 26%

of the fish samples (Cooper, 1991a, 1991b). Along with textile industry (House et al., 2000). An extensive study
of pesticide transport was conducted at the Agriculturalresults from South Carolina estuarine waters (Baugh-

man et al., 1989), these are probably among the first Development and Advisory Service (ADAS) farm at
Rosemaund, UK between 1990 and 1992. A total of 59studies from the United States detecting pyrethroids in

field samples (Table 1). Much of this work was later rainfall–pesticide–location combinations were moni-
tored, during which several herbicides and the insecti-reviewed and summarized in various papers (Cooper,

1990; Cooper and Lipe, 1992; Schreiber et al., 1996; cide carbofuran were detected at concentrations up to
49.4 �g/L (Table 1; Williams et al., 1995).Smith et al., 1995). A very early example of the variation

of pesticide contents during a spring discharge event In various investigations the rice insecticides carbaryl,
diazinon, dimethoate, fenthion, and pyridafenthionwas documented for Shell Creek in Nebraska by Spal-

ding and Snow (1989). Based on nine different herbi- were found at levels of �1 �g/L in surface water samples
from Japan (Table 1). Additionally, fenobucarb, fen-cides and the insecticide disulfoton, this study indicated

that the pesticide levels peak before the peak in stream ithrothion, fenthion, malathion, and thiobencarb were
reported at higher levels of 36.1, 1.7, 50, 3.0, and 8.0discharge.

Between 1985 and 1987, Kreuger and Brink (1988) �g/L, respectively (Hatakeyama and Yokoyama, 1997;
Iwakuma et al., 1993; Kikuchi et al., 1999; Tada andconducted a pesticide monitoring program in up to 29

streams with varying catchment sizes in southern Sweden. Hatakeyama, 2000; Tada and Shiraishi, 1994; Takamura,
1996; Takamura et al., 1991b; Tanabe et al., 2001). AThe organochlorines endosulfan and lindane, the organo-

phosphate fenitrothion, the pyrethroid permethrin, and small headwater stream situated in a intensively cropped
(winter wheat, sugar beet) area in northern Germanythe carbamate insecticide pirimicarb were detected at

maximum levels of 0.1, 0.6, 0.1, 0.6, and 3.7 �g/L, respec- was monitored using various sampling techniques to
detect insecticides in runoff water, stream water, andtively (Table 1). As surface water was estimated to sup-

ply 50% of the Swedish drinking water, there was great suspended particles during runoff events (Liess et al.,
1996; Schulz et al., 1998). Transient peak contaminationsconcern about nonpoint-source pollution of this impor-

tant resource. Follow-up studies focused on streams and of fenvalerate (6.2 �g/L and 302 �g/kg in suspended
particles) and parathion-ethyl (6.0 �g/L and 50.8 �g/kgponds in the Vemmenhög catchment in southern Sweden,

which is dominated by winter rape (Brassica napus L.), in suspended particles) were measured during runoff
events between 1992 and 1995 (Liess et al., 1999).winter wheat (Triticum aestivum L.), sugar beet (Beta

vulgaris L.), and spring barley (Hordeum vulgare L.). Surface waters in orchard-dominated areas of the
Central Valley in California, USA were studied for in-They detected cyfluthrin, dimethoate, pirimicarb, and

permethrin in water samples as well as permethrin and secticide input and transport from smaller subcatch-
ments via the San Joaquin and Sacramento Riverfenvalerate in sediments and suspended particles, re-

spectively (Kreuger, 1995, 1998; Kreuger et al., 1999). through to the San Francisco Bay. Initial studies focused
on diazinon, methidathion, and DDT (Domagalski andThese investigations suggested a correlation between

amounts used in the catchment and occurrence in water Kuivila, 1993; Kuivila and Foe, 1995). Selected storm
events monitored by Domagalski et al. (1997) as part ofsamples and reported a decrease of overall detections

between 1990 and 1996. However, concentrations of the National Water Quality Assessment program were
shown to result in levels of 0.26 �g/L chlorpyrifos, 7 �g/Lcyfluthrin, dimethoate, and pirimicarb were transiently

above levels demonstrated as having an effect on the diazinon, and 9.2 �g/L methidathion in small headwater
streams (Table 1). Another study using a surface wateraquatic fauna (Kreuger, 1998).

Scott and coworkers conducted extensive field studies monitoring network suggested that the western valley
was the principal source of pesticides to the San Joaquinin an area of repeated fish kills (Scott et al., 1987; Trim

and Marcus, 1990) related to pesticides used on vegeta- River during the irrigation season (Domagalski, 1997).
More recent studies emphasized either the toxicity ofble crops adjacent to estuarine marshes in South Caro-

lina (Scott et al., 1989). An early study linked runoff- insecticide input events (e.g., 4.8 �g/L chlorpyrifos) to
water flea (Ceriodaphnia dubia) (Amphipoda) (Wernerrelated fenvalerate levels up to 0.11 �g/L to in situ

toxicity, using shrimp (Palaemonetes pugio) (Baughman et al., 2000) or the residues of insecticides, such as chlor-
pyrifos (2.1 �g/kg) and endosulfan (24.6 �g/kg), in sus-et al., 1989). Peak field exposures measured between
pended particles (Bergamaschi et al., 2001).1985 and 1990 reached 0.85 �g/L for endosulfan, 0.9

Another fruit orchard area has been observed for�g/L for fenvalerate, and 7 �g/L for azinphos-methyl
current-use insecticides since 1998 in the Western Cape(Finley et al., 1999; Ross et al., 1996; Scott et al., 1999).
of South Africa. High peak concentrations of azinphos-House et al. (1991) were able to detect the pyrethroids
methyl (1.5 �g/L and 1247 �g/kg), chlorpyrifos (0.2 �g/Lcypermethrin, deltamethrin, and permethrin (trans iso-
and 924 �g/kg), endosulfan (2.9 �g/L and 12082 �g/kg),mer) at levels up to 2.7, 37.5, and 18 �g/kg, respectively,
and prothiofos (980 �g/kg) were detected in water andin sediments of ditches, streams, and drainage channels
suspended particles of the Lourens River (Table 1) inin the southern UK (Table 1). Another study focusing
association with a single storm runoff event during theon suspended particles reported considerable levels of
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spraying season (Schulz, 2001b). The first rainfall events suspended particles (House et al., 1992). In other stud-
of the wet season, occurring about 2 to 3 mo following ies, fenvalerate and parathion-ethyl reached 71.3 and
the last pesticide application, transported mainly parti- 8.7 �g/kg in sediments and 302 and 50.8 �g/kg, respec-
cle-associated insecticides (Table 1) via the tributaries tively, in suspended particles (Liess et al., 1996, 1999).
into the Lourens River (Dabrowski et al., 2002a; Schulz However, the distribution of a chemical between sedi-
et al., 2001a). Spray drift was identified as another route ment and suspended particles is dependent on numerous
of insecticide input, although relatively high levels were factors, such as the route of entry into the system and
detected mainly in the affected tributaries (Schulz et the time between input and sampling. Kreuger et al.
al., 2001b). The monitoring data were recently com- (1999) found no clear difference in concentrations be-
pared with predictions using basic drift data and a runoff tween suspended particles and sediments for the pyre-
formula suggested by the Organisation for Economic throids permethrin and fenvalerate.
Co-Operation and Development (OECD) (Dabrowski A study undertaken by Kreuger and Brink (1988) on
et al., 2002b; Dabrowski and Schulz, 2003). It was dem- running waters draining catchments of different sizes in
onstrated that runoff is a more important route of pesti- a localized area in southern Sweden suggested higher
cide entry than spray drift, producing higher insecticide pesticide concentrations in smaller catchments (�100
concentrations and loads in the Lourens River (Da- km2) than in larger ones. However, this result was mainly
browski and Schulz, 2003; Schulz, 2001a). derived from herbicide data, as this group of pesticides

Some of the insecticides listed more frequently in was most often detected in the various catchments. To
Table 1 (e.g., chlorpyrifos, azinphos-methyl, diazinon) analyze for a relationship applicable to insecticides, all
are among the most heavily used insecticides in the insecticide data derived from water samples that are
USA (National Center for Food and Agricultural Pol- contained in Table 1 were correlated with the average
icy, 1997). However, very little field data exists for catchment-size information also included in Table 1.
aquatic concentrations of other chemicals that are ap- The result was that the log-transformed maximum insec-
plied in relatively high total amounts in the USA, such ticide concentration is negatively correlated (with a sig-
as aldicarb, malathion, or carbaryl. However, the mere nificance of p � 0.0025) with the log-transformed catch-
fact that some chemicals have been studied more fre- ment size (Fig. 1). All 19 detections of a single insecticide
quently than other compounds, or are used intensively concentration of �10 �g/L were obtained in surface
in agriculture, by no means justifies a suspicion that water with a catchment size below 100 km2, indicating
these chemicals pose a greater threat to aquatic eco- the importance of catchment size. Thirteen of these 19
systems. detections of �10 �g/L were obtained in surface water

In particular, the earlier exposure studies covered in with a catchment size below 10 km2. This is of particular
this review did not further specify the routes of non- importance with regard to the European Water Frame-
point-source insecticide entry. In total, 27 studies men- work Directive (European Union, 2000), which cur-
tioned in Table 1 simply assume agricultural nonpoint rently only covers �10-km2 catchments. This important
sources as the route of entry, of which 20 refer to the directive thus generally excludes aquatic habitats that
period before 1999. Runoff represents by far the most are potentially at the highest risk of being negatively
important specified source of insecticide entry, having affected by high insecticide concentrations.received increased attention during the past few years It is also interesting to note that 12 of these 19 detec-as indicated by the high proportion of studies (15 out of tions of extremely high concentrations (�10 �g/L) re-23) published since 2000. Interestingly, only four studies sulted from an event-triggered sampling program. Thisspecify spray drift as the route of entry of insecticides is not surprising; insecticides originating from nonpoint(azinphos-methyl, cypermethrin, endosulfan) detected

sources are present for only brief periods in small head-in surface waters, two of them done in the 1980s and
water environments and detection would not be possiblethe other two in 2001. This lack of field data is surprising
without using event-controlled sampling (Liess andin view of the importance of spray drift as an exposure
Schulz, 2000). Insecticide contents in sediments or sus-scenario in the regulatory risk assessment scheme of
pended particles as represented by the studies in Table 1many countries (Aquatic Effects Dialogue Group, 1992;
did not correlate significantly with catchment size, butGanzelmeier et al., 1995; Groenendijk et al., 1994;
the data available may not be sufficient to show anyUSEPA, 1999a). However, some studies have addressed
reliable trend.the effect of spray depositions due to aerial application

of pesticides (Bird et al., 1996; Ernst et al., 1991). Detec-
tion of insecticides following application in rice fields EFFECTS
was reported in seven studies, two of which appeared

Table 2 lists the available field studies on biologicalsince 2000, and leaching was mentioned in two studies
effects of agricultural insecticide pollution in surfacefrom 1998 and 1999.
waters. The reports are sorted chronologically to showA few studies reported detections of the same com-
the historical development. A classification was under-pound in both sediment and suspended-particle samples
taken based on the relationship between exposure andfrom the same catchment (Table 1), suggesting higher
effects, consisting of the following four classes: “no rela-levels in suspended particles. The chemicals DDT, diel-
tion,” “assumed relation,” “likely relation,” and “cleardrin, and parathion-ethyl were detected at levels of 0.2,
relation.” This classification is largely based on the cited0.2, and 1 �g/kg in bottom sediments and at considerably

higher levels of 4.7, 17, and 13 �g/kg, respectively, in authors’ judgement of their own results; a relationship
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Fig. 1. Relationship between catchment size and aqueous-phase nonpoint-source insecticide contamination detected in samples of surface waters.
The database is derived from the studies summarized in Table 1.

was classified as clear only if the exposure was quantified (Rana temporaria) in situ in streams beside potato (Sola-
num tuberosum L.) fields and detected increased ratesand the effects were linked to exposure temporally and

spatially, including control situations without effects. A of deformities after oxamyl application (Table 2). As
the exposure concentrations were not measured in thissecond important criterion for the evaluation of studies

in Table 2 is the exposure scenario. Studies using experi- study, it is difficult to establish a link between exposure
and effects. Heckman (1981) between 1978 and 1980mental exposure (insecticide injection or overspraying)

were judged less relevant than studies on nonpoint- performed an extensive survey of the macroinvertebrate
fauna in ditches draining an intensively used orchardsource pollution events monitored during normal farm-

ing practice, and were thus less represented in Table 2. area in northern Germany and compared his data with
results from another study (Garms, 1961) done in theThird, a distinction is made between effects on organ-

isms exposed in situ, which again reflects a more artifi- same area between 1951 and 1957, before the com-
mencement of insecticide, acarizide, fungicide, and her-cial experimental scenario, and effects on parameters

such as temporal (abundance) or spatial (drift) species bicide application. He concluded that the 25 yr of pesti-
cide application had a major effect in that various insector community dynamics in the field, which are described

using the respective sampling methods. species, namely 48 of the original 62 coleopteran species
(e.g., Dytiscidae and Helodidae), disappeared. On theThe first studies were reported in the 1970s and 1980s.

Many of the early studies were based in Canada and other hand, Turbellaria were not affected and dipterans
even increased in species number. As there were nofocused on side effects either of aerial application of

insecticides (e.g., fenitrothion) to forest environments measurements of insecticide concentrations in water or
sediment, a direct cause–effect relationship remains(Eidt, 1975; Flannagan, 1973; Poirier and Surgeoner,

1988) or of experimental injections of simulium larvi- speculative. However, residues of the organochlorine
insecticides lindane and DDT have been found in se-cides (e.g., methoxychlor or fenthion) into headwater

streams (Burdick et al., 1968; Clark et al., 1987; Cuffney lected invertebrate and fish species (Heckman, 1981),
suggesting that aquatic communities have been exposedet al., 1984; Dosdall and Lehmkuhl, 1989; Flannagan et

al., 1979; Freeden, 1974, 1975; Haufe et al., 1980; Hynes to these pesticides.
As part of a larger investigation on cypermethrin,and Wallace, 1975; Wallace and Hynes, 1975; Wallace

et al., 1976). They are thus not reported in Table 2. Crossland et al. (1982) studied the effects of spray drift–
borne residues in a small stream in France during appli-Yasuno et al. (1981) studied the effects of the simulium

larvicide temephos, which was experimentally added to cation to adjacent vineyards. Concentrations peaked at
1.7 �g/L and fell to zero within a few hours. Anothertwo small tributaries of the Yamaguchi River, Japan,

on invertebrate drift. Jacobi (1977) developed field con- study examined the effects of aerial application of cyper-
methrin in drainage ditches bordering winter wheattainers for the in situ exposure of invertebrates to test

for side effects of antimycin applied to kill rough fish. fields, and found peak levels of 0.03 �g/L (Shires and
Bennett, 1985). Both studies concluded that there wereThe effects of the lampricide TFM (3-trifluormethyl-

4-nitrophenol) on drift and abundance of various insect no marked biological effects of the transient insecticide
contamination on invertebrates, zooplankton, and cagedspecies were reported by Dermott and Spence (1984).

Cooke (1981) exposed tadpoles of common frogs fishes apart from a slight increase in invertebrate drift.
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In various trials between 1984 and 1986, Aufseß et Shiraishi, 1994; Takamura, 1996; Takamura et al., 1991a,
1991b). However, none of these studies established aal. (1989) measured high concentrations of the organo-

phosphate insecticides parathion-methyl, parathion-ethyl, clear relationship between exposure and invertebrate
dynamics, and thus the authors were only able to assumeoxydemeton-methyl, and trichlorfon in streams draining

vineyards in southwestern Germany. Changes in the a link of insecticide pollution to the observed effects
(Table 2). Hatakeyama and Yokoyama (1997) later triedabundance of macroinvertebrates over time were also

reported but were not clearly attributable to the timing to link shrimp mortality in water samples taken during
aerial application of fenthion to rice fields in the catch-of pesticide contamination, although 50% of the water

samples taken were toxic to waterfleas (Daphnia magna). ment of the Suna River, Japan to the dynamics of the
benthic invertebrate communities. No clear connectionFollowing runoff events, Baughman et al. (1989) de-

tected fenvalerate at levels of up to 0.1 �g/L in estuarine was established, since the community structure had al-
ready changed between April and May, whereas thesites in South Carolina. Shrimp (Palaemonetes pugio)

exposed in situ showed increased mortality rates in com- first spraying associated with shrimp mortality did not
occur until July.parison with animals exposed at uncontaminated con-

trol sites. Thus, this is probably one of the first studies Studies from the UK on in situ exposure of scud
(Gammarus pulex) (Amphipoda) alone (Crane et al.,establishing a link between quantified insecticide expo-

sure due to usual farming practice and biological re- 1995b) or in combination with the dipteran species
midge (Chironomus riparius) (Crane et al., 1995a) againsponses (Table 2); however, it does not deal with the

dynamics of in-stream species or communities. only assumed a link to insecticide pollution, as no expo-
sure quantification was conducted. As part of a projectIn the early 1990s, further studies on the effects of

forest insecticide application in Canada, USA, Japan, on the development of field bioassays in the Nether-
lands, in situ effects on scud (Gammarus spp.) or theand Australia on invertebrate abundance, drift, and

emergence were published (Davies and Cook, 1993; dipteran phantom midge (Chaoborus crystallinus) (Ber-
gema and Rombout, 1994; deJong and Bergema, 1994)Griffith et al., 1996; Hatakeyama et al., 1990; Kreutz-

weiser and Sibley, 1991; Sibley et al., 1991). A series of were shown; however, the sites were experimentally
polluted. In a stream at the Rosemaund farm in thestudies reported effects of experimental injection of the

simulium larvicide methoxychlor into headwaters in UK, Matthiessen et al. (1995) observed a high mortality
of scud (G. pulex) exposed in situ during a runoff-relatedCanada on functional community structure, secondary

production, and particulate matter export (Lugthart and peak of carbofuran contamination, reaching a level of
264 �g/L. This study is thus only the second exampleWallace, 1992; Lugthart et al., 1990; Wallace et al.,

1991a, 1995) and documented the subsequent recoloni- of a clear link between non-experimental, quantified
exposure and effects under field conditions, and againzation patterns (Wallace et al., 1991b). The short-term

effects of carbosulfan and permethrin on invertebrate employed in situ exposure of the organisms.
Since the late 1990s, only few further studies on thedrift in the Black Volta, Ghana were described by Sam-

man et al. (1994). These studies are again not included effects of simulium larvicides on aquatic ecosystems
have been performed (Crosa et al., 1998). In situ bio-in Table 2 because of the artificial exposure scenario

applied. assays using an amphipod (Hyalella azteca) or midge
(Chironomus tentans) were developed in the USA andSallenave and Day (1991) documented a factor of five

difference in the average yearly secondary production set a precedent for detecting agricultural nonpoint-
source pollution in a study without parallel pesticideof four coexisting hydropsychid species (Trichoptera)

in two tributaries in Ontario differing in the intensity analyses (Tucker and Burton, 1999). Three insecticides
applied to rice fields in southern France were suggestedof agricultural land use in their surroundings. Lenat and

Crawford (1994) and Dance and Hynes (1980) success- as an important factor determining macroinvertebrate
composition (Suhling et al., 2000), although no analyti-fully linked different forms of land use including agricul-

ture with the invertebrate community structure. How- cal quantification took place. Finley et al. (1999) re-
ported a fish-kill in South Carolina estuarine waters dueever, again, no pesticide analyses were performed

during these studies. The same applies to die-off events to a level of 1.4 �g/L azinphos-methyl. However, even
much higher concentrations of this insecticide wereof freshwater fish reported from Hungary with pyre-

throids as the potential cause (Sályi and Csaba, 1994). measured in the same estuarine waters, and a correlation
of the exposure concentrations with reduced shrimpFleming (1995) investigated a freshwater mussel die-off

and measured reduced cholinesterase levels in mussel densities and biomass was thus likely (Finley et al.,
1999). Lahr (1998) summarized a set of studies under-(Elliptio complananta), although no anticholinesterase

chemicals were detectable. The lack of exposure data taken by experimental injection of insecticides into nat-
ural ponds as part of a program aimed at assessing thein all these studies makes a direct link of observed effects

to contamination impossible. risk assessment of insecticides used in desert locust
(Schistocerca gregaria) control. The pyrethroid delta-Fish kills in estuarine waters in South Carolina were

assumed to be linked to endosulfan concentrations as methrin, the organophosphate fenitrothion, and the in-
sect growth regulator diflubenzuron were shown to af-high as 1.44 �g/L (Ross et al., 1996). Various Japanese

studies from the 1990s examined the potential effects of fect the abundances of various invertebrate species in
the ponds. Clear effects on invertebrates were also ob-insecticide use in rice fields on odonata, ephemeroptera,

and other insect taxa in the receiving streams (Tada and tained from a study using wetlands in Mississippi sub-
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jected to experimental parathion-methyl contamination same species in the stream itself. Similarly, a link be-
tween survival in multispecies microcosm exposed toas part of a larger investigation on the effects of wetland

plants on pesticide transport and toxicity (Schulz et al., azinphos-metyl and the abundance dynamics of inverte-
brate species at various sites in a transiently insecticide-2003b). Clear transient effects on dipterans (chironom-

ids) were observed in a 3.4-ha farm pond experimentally contaminated river system was recently established in
the Lourens River catchment, South Africa (Schulz etcontaminated with spraydrift-borne cypermethrin at

levels up to 25 �g/kg in hydrosoils (Kedwards et al., al., 2002).
Leonard et al. (1999) studied the abundance of six1999).

As an example using biochemical markers as end- invertebrate species at eight sites in the Namoi River,
southeastern Australia in relation to the cotton insecti-points, Gruber and Munn (1998) found reduced brain

cholinesterase levels in common carp (Cyprinus carpio) cide endosulfan, which enters the water mainly via run-
off. This data set was extended in a second study andin a pond in the central Columbia Plateau, USA that

had been affected by organophosphates presumably in- analyzed with different multivariate statistical proce-
dures including principal response curves (Leonard ettroduced via leaching as a result of irrigation. As the

measured concentrations were �0.2 �g/L, the authors al., 2000). The results of both studies indicate links be-
tween the dynamics of the six dominant species anddid not establish a direct link between exposure and

effects. In contrast, a study on cholinesterase activities the endosulfan contamination; however, the pesticide
contamination was measured using solvent-filled poly-in three-spined sticklebacks (Gasterosteus aculeatus)

showed a clear link to measured parathion-ethyl concen- ethylene bags as passive samplers and endosulfan was
not quantified in water samples directly. The endosulfantrations between 2.3 and 4.4 �g/L (Sturm et al., 1999).

Of the nine headwater streams studied in northern Ger- concentrations in the passive samplers were correlated
with endosulfan levels in bottom sediments, indicatingmany during this investigation, only two were contami-

nated with parathion-ethyl. field concentrations up to 10 �g/kg in the sediments
(Leonard et al., 1999). Rather high levels of endosulfanSeveral studies undertaken during the past five years

have successfully linked survival of in situ exposed or- between 10 and 318 �g/kg detected in suspended parti-
cles in rural rivers near Buenos Aires, Argentina wereganisms to quantified insecticide contamination. Scott

et al. (1999) employed bioassays with shrimp (P. pugio) recently shown to affect the abundance dynamics and
drift of various insect species (Jergentz et al., 2004).and mummichog (Fundulus heteroclitus) to detect ef-

fects of transient contamination by azinphos-methyl, en- During this study, two contaminated rivers showed de-
creased abundances of mayfly and dragonfly speciesdosulfan, and fenvalerate introduced into South Caro-

lina estuarine waters via runoff. Kirby-Smith et al. along with drift peaks, while a third river served as
an uncontaminated control with unaffected population(1989) found no effects in field-deployed shrimp (P.

pugio) at concentrations below the laboratory effects dynamics. Three sites in a headwater stream in northern
Germany were used to measure the abundance and driftlevels. Chironomids and an indigenous amphipod spe-

cies (Paramelita nigroculus) were established as in situ of macroinvertebrates (Schulz and Liess, 1999a). Out
of the total of eleven core species, eight disappearedexposure bioassays for the assessment of aqueous-phase

and particle-associated insecticide (azinphos-methyl, following a runoff-related peak concentration of 6 �g/L
parathion-ethyl in water samples. A large increase inchlorpyrifos, endosulfan) toxicity in orchard rivers in

the Western Cape of South Africa (Moore et al., 2002; drift and an elevated mortality rate for caddisfly species
in the drift added further evidence indicating the insecti-Schulz and Peall, 2001; Schulz et al., 2001c; Schulz, 2003).

The response of crayfish (Procambarus spp.) exposed in cide exposure as the responsible factor. Furthermore, the
authors were able to show that even stronger rainfall-situ to fipronil used as a rice seed coating in Mississippi

is reported by Schlenk et al. (2001). The validity and related runoff events without pesticide contamination
that occurred shortly before the insecticide applicationecological relevance of an in situ bioassay was tested

by Schulz and Liess (1999b) in an agricultural headwater period had no effects on the invertebrate abundances or
drift, suggesting that other parameters such as hydraulicstream in northern Germany during runoff-related con-

tamination with fenvalerate up to 6.2 �g/L. Caddisfly stress or turbidity were of minor importance during this
study (Schulz and Liess, 1999a).(Limnephilus lunatus) and amphipod (G. pulex) both

showed mortality in the in situ bioassays during transient It thus follows from Table 2 that since 1999, a total
of eight published studies have shown a more or lessinsecticide pollution. However, the authors inferred

from their results that in situ bioassays using mobile clear link between agricultural insecticide pollution and
abundance dynamics or community composition of mac-species such as amphipods may overestimate field toxic-

ity, as the caged organisms are prevented from per- roinvertebrates. Evidently, increased interest in the
topic, in combination with the development of moreforming any avoidance reactions, such as downstream

drift. Another study in the same catchment used a set sophisticated methods for sampling and data analysis,
have been responsible for the abundance of recent pa-of microcosms fed by stream water, of which some were

run in a closed circuit during runoff-related parathion- pers successfully linking agricultural insecticide contam-
ination with observed biological effects at the popula-ethyl and fenvalerate exposure in the stream, to show

effects on the same two invertebrate species (Liess and tion or community level. However, it is important to
note that for almost all of these studies that seem toSchulz, 1999). Both studies successfully linked their ex-

perimental results to the abundance dynamics of the establish a clear link between exposure and effect, the
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Table 3. Water quality guidelines for selected insecticides in com-pesticide concentrations measured in the field were not
parison with maximum concentrations found in surface watershigh enough to support an explanation of the observed and number of studies reporting exceedence of the respective

effects simply based on acute toxicity data. Matthiessen water quality guideline.
et al. (1995) observed 100% mortality of caged scud (G.

Number of studiespulex) following exposure to a peak concentration of Water quality Maximum detected exceeding quality
Substance guideline† concentration‡ guideline‡27 �g/L carbofuran, which exceeded the 24-h LC50 of 21

�g/L for only 3 to 5 h. Baughman et al. (1989) suggested �g/L
differences in measured and real exposure concentra- Aldicarb 1 6.4 2

Azinphos-methyl 0.01 21 9tions to be a reason for higher mortalities in in situ
Carbaryl 0.02 85.1 3bioassays than predicted from laboratory data. The mea- Carbofuran 0.5 49.4 3

sured short-term peak concentrations of 6 �g/L para- Chlorpyrifos 0.01 3.8 11
Cypermethrin 0.0068 1.7 1thion-ethyl or 6.2 �g/L fenvalerate associated with field
Cyfluthrin 0.0015 5.0 1effects (Liess and Schulz, 1999; Schulz and Liess, 1999a, DDT 0.01 1.1 2
Deltamethrin 0.0004 2 21999b) are also well below laboratory-derived 24-h LC50
Diazinon 0.01 7 11values with an initial 1-h exposure period (Liess, 1994).
Dieldrin 0.24 0.26 1

Furthermore, although it was suggested that the endo- Dimethoate 6.2 30 2
Endosulfan 0.01 1530 14sulfan levels up to 10 �g/kg in the Namoi River have
Fenitrothion 0.11 1.7 3deleterious effects on mayfly (Jappa kutera) and other Fenvalerate 0.008 6.2 4

invertebrates (Leonard et al., 1999, 2000), these and Lindane 0.01 4.9 4
Malathion 0.1 3 2even the overall peak concentrations of 48 �g/kg ob-
Parathion-ethyl 0.011 83 3tained from another study are lower than the 10-d LC50 Parathion-methyl 0.012 213 3
Permethrin 0.0065 1.6 3of 162 �g/kg for mayfly (Leonard et al., 2001). On the
Terbufos 0.003 0.3 1basis of present knowledge, it cannot be determined
Thiobencarb 3.1 8.0 1

whether the measured concentrations in the field regu- Toxaphene 0.0002 3.9 2
larly underestimate the real exposure or if a general

† Short-term or single application values derived from Brock et al. (2000),
difference between the field and laboratory reactions Canadian Council of Ministers of the Environment (2001), USEPA

(1999b), and California Environmental Protection Agency (2000).of aquatic invertebrates is responsible for this situation.
‡ Data are extracted from Table 1.Apart from some studies that used experimental pest-

icide injection, all field studies on insecticide effects
least 88 incidents of contamination above the waterlisted in Table 2 were undertaken in surface waters that
quality guidelines were reported. It is likely that evenhave been receiving insecticide pollution for as long as
more detections of high peak insecticide levels wouldseveral years up to a few decades. In ecological science,
have been reported, if more than only 50% of the studiesConnell (1980) once coined the expression “ghost of
listed in Table 1 had employed an event-triggered sam-competition past” with reference to the hypothesis that
pling design.competition is not recently visible in communities be-

Table 4 compares the insecticide concentrations hav-cause it has acted in the past in a way that eliminated
ing clear effects in field studies as listed in Table 2 withcompetition as a driving force for community structure.
the maximum detected concentrations from exposureAccordingly, a “ghost of disturbance past” might cause
field studies in Table 1. Where available, the three high-difficulty in detecting pesticide-related effects in com-
est exposure concentrations measured are included.munities recently inhabiting agricultural surface waters,
Each of the values given for a particular insecticidesince any potential pesticide influence would have al-
as a measure of effects or exposure is derived from aready acted several years ago.
different study. It is evident that for azinphos-methyl,
chlorpyrifos, deltamethrin, endosulfan, and parathion-

COMBINATION OF EXPOSURE ethyl the concentrations detected are well above the
AND EFFECTS minima for causing effects in organisms exposed in situ

or populations and communities studied in the field.Exposure concentrations detected in the field are
For carbofuran, only one documented exposure valuecommonly compared with surface water quality guide-
exceeds the reported effect level. For fenvalerate, onelines for the protection of aquatic life. Table 3 lists
exposure concentration exceeds the effect level fromexisting water quality guidelines for insecticides relevant
one of the effects studies available. No assessment isfor short-term or single exposure in comparison with
possible for fipronil or diflubenzuron as the only expo-detected concentrations in surface waters according to
sure concentrations available are from the same studythe studies summarized in Table 1. It becomes evident
that reported the effects, or there are no exposure data.that for all insecticides listed, apart from cypermethrin,

In summary, this comparison based exclusively oncyfluthrin, dieldrin, thiobencarb, and terbufos, the es-
field studies for both exposure and effects suggests thattablished water quality guideline has been exceeded in
for various insecticides, there exists a potential for ef-multiple instances. The exceeding factor lies between 3
fects on the aquatic fauna under natural conditions.and 5 orders of magnitude for most of the insecticides.
The absolute number of 27 potentially critical situationsAzinphos-methyl, chlorpyrifos, diazinon, and endosul-
derived from this comparison and the number of ninefan were shown to exceed the water quality guideline

in 9 to 14 studies extracted from Table 1. A total of at insecticides for which such a comparison is possible
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Table 4. Comparison of insecticide concentrations demonstrated venting backflow of pesticides into water supplies, im-
to have clear effects in the field with the three highest concentra- proved calibration of pesticide spray equipment, andtions detected for the same insecticide in field studies.†

IPM (Caruso, 2000).
Field effect Detected field The effects of conservation tillage are summarized by

concentrations‡ concentrations§
Fawcett et al. (1994), focusing mainly on herbicides. The

In situ Abundance or Sediments or Brimstone farm experiment in the UK is described by
Insecticide bioassays drift reaction Water suspended particles

Harris et al. (1995) as a practical example for the positive
Azinphos-methyl 0.2 �g/L 0.82 �g/L 21 �g/L effect of agricultural management on pesticide runoff.

0.7 �g/L 1.5 �g/L
Programs aiming at changes in the application practices,1 �g/L

Carbofuran 26.8 �g/L 49.4 �g/L namely reduced pesticide use, were successfully imple-
4.8 �g/L mented in Ontario, Canada (Gallivan et al., 2001) and1.8 �g/L

in Norway (Epstein et al., 2001). Measures to reduceChlorpyrifos 1.3 �g/L 344 �g/kg 3.8 �g/L 924 �g/kg
300–720 �g/kg 3.2 �g/L 720 �g/kg pesticide loss due to spray drift have been discussed in

9.4 �g/kg 2.8 �g/L 344 �g/kg relation to IPM by Matthews (1994), while BlommersDeltamethrin 0.46 �g/L 2.0 �g/L
1.4 �g/L (1994) summarizes IPM options for apple (Malus do-

– mestica Borkh.) orchards in Europe. Integrated pest
Diflubenzuron 10 �g/L –

management in general was subjected to a recent reviewEndosulfan 0.8 �g/L 318 �g/kg 1530 �g/L 12 082 �g/kg
4.8–156 �g/kg 13 �g/L 2 461 �g/kg by Way and van Emden (2000). A special program of

10 �g/kg 4 �g/L 318 �g/kg integrated crop management from the UK covers notFenitrothion 80 �g/L 1.7 �g/L
only crop protection, but also landscape features, man-0.4 �g/L

0.2 �g/L agement of the soil, wildlife, and habitats (Drummond
Fipronil 9.1 �g/L 9.1 �g/L 5.5 �g/kg and Lawton, 1995). A five-year study by Kirby-Smith5.5 �g/kg
Fenvalerate 6.2 �g/L 6.2 �g/L 6.2 �g/L et al. (1992) of pesticide runoff and associated ecological

0.11 �g/L 0.11 �g/L effects in an estuarine watershed in North Carolina dem-
0.1 �g/L

onstrated how conservative pest management practicesParathion-ethyl 6 �g/L¶ 6 �g/L 83 �g/L 50.8 �g/kg
0.5–5.8 �g/L 6 �g/L 13 �g/kg that minimized pesticide application frequency and
2.3–4.4 �g/kg# 0.4 �g/L 8.7 �g/kg rates coupled with the use of less persistent pesticides

† Each value given for a particular insecticide for the effects or exposure is can reduce the toxicity to single species monitored in
derived from a different study. the field and laboratory tests, and communities of ben-‡ Data are derived from Table 2.

thic and pelagic invertebrate and fish. Economic aspects§ Information on detected concentrations is included for both water and parti-
cles only if effective concentrations are also available for both matrices. Data of nonpoint-source pollution control measures for the
are derived from Table 1. Up to three highest available concentrations management of environmental contamination by ag-are given.

¶ Field stream microcosm result. ricultural pesticides have also been summarized (Fal-
# Effect on fish cholinesterase. coner, 1998; Mainstone and Schofield, 1996).

Buffer zones, in terms of no-spray field margins or
noncrop, vegetated riparian strips to prevent pesticidemight still appear to be quite small. However, it is impor-

tant to note that the field effect studies that are used movement from application areas to adjacent nontarget
aquatic habitats, have received increasing attention asin Table 4 are examples that were actually present under

normal farming practice. As discussed in the previous an agricultural end-of-field best management practice.
Based on permethrin applications in Canadian forests,section, relatively few and mostly recent studies exist

on the effects under field conditions. It is thus possible a technique for estimating the width of buffer zone areas
during pesticide application based on experimentalthat further field investigations might reveal further evi-

dence of effects, lower effect levels, or provide results spray drift data and laboratory toxicity results has been
suggested (Payne et al., 1988). Attempts were made infor other insecticides.
the United States to link knowledge obtained from spray
drift studies to buffer width definitions (i.e., to base no-

RISK MITIGATION spray zones on spray quality, release height, and other
variables, such as wind speed, for protecting specificThe terms “risk mitigation” and “best management
sensitive areas) (Hewitt, 2000). In 1999, the Local Envi-practice” for pesticides are used in a similar way, as
ronmental Risk Assessments for Pesticides (LERAPs)general designations of a process in which manufactur-
were implemented in the UK, considering the use ofers, farmers, and regulators negotiate various sorts of
reduced application rates, engineering controls, or therestrictions or alterations of agricultural practice to
size of the watercourse as three factors that might allowavoid predicted unacceptable risk. Practical methods of
some reduction in the no-application zone to becontrolling pollution risk have been reviewed, including
achieved (Ministry of Agriculture, Fisheries and Food,both in-field (soil conservation measures, application
1999). A recent review on the use of windbreaks as apractices, and integrated pest management [IPM]) and
pesticide drift mitigation strategy concluded that thereend-of-field (buffer zones) techniques (Mainstone and
are still enormous data gaps to be filled before thisSchofield, 1996). The specific types of pesticide-related
method can be used efficiently (Ucar and Hall, 2001).best management practices (BMPs) commonly used in
Quite apart from water quality considerations, a com-the United States include reducing pesticide use, im-

proving the timing and efficiency of application, pre- pelling argument can be made for the establishment of
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pacity for individual contaminants to be variable, largely
reflecting the diversity of conditions in which they oper-
ate. In addition, the effectiveness of removal under fixed
conditions varies depending on chemical characteristics
(Mainstone and Schofield, 1996).

According to some authors, the suitability of buffer
strips to retain mobile pesticides is questionable (Wil-
liams and Nicks, 1993). One aspect that might restrict
the effectiveness of any buffer strip is the rather simple
relation between rainfall intensity and the amount of
water leaving the fields via surface runoff. To illustrate
this “hydrological dilemma,” the amount of surface run-
off was related to rainfall intensity in a simple model
on the basis of theoretical considerations and a large
amount of empirical data from Germany (Lutz, 1984;
Maniak, 1992), as outlined in Fig. 2.

It is evident that an increase in rainfall intensity on
loamy soil with a high soil moisture by a factor of three,
from 10 to 30 mm, results in an increase of surface runoff
by a factor of ten, from about 1 to 10 mm. That means
that heavy rainfall events causing storm runoff are al-
ways associated with the production of extremely large
volumes of water in a short time. In many circumstances
these large water volumes may not be retained by anyFig. 2. The amount of surface runoff on sandy and loamy soils with
sort of widely employed buffer strip, and erosion chan-a high soil moisture in relation to rainfall intensity, according to

Lutz (1984) and Maniak (1992). nels formed during these conditions may further jeopar-
dize the positive effect of buffer zones. This “hydro-
logical dilemma” may result in unavoidable pesticidebuffer zones in many areas on the basis of their potential
contaminations of surface waters specifically under con-for enhancing the ecological quality of river corridors,
ditions where other measures are not applicable or dothrough the extension of management (e.g., no-spray
not produce the necessary benefit (i.e., high-quality soilzones) alongside riverbanks (De Snoo, 1999; Schultz et
areas under intensive agricultural use). In these cases,al., 1995). It is important, however, to recognize that
structural features of the receiving surface waters, suchbuffer zones are not a solution to the root cause of agricul-
as vegetation coverage, may be useful in mitigating thetural contamination of receiving waters, which is related
risk of insecticide pollution.to certain in-field agricultural practices that produce both

Constructed wetlands or vegetated ditches have beencontaminated runoff and unnecessary aerial transport of
proposed in this context as risk mitigation techniques.contaminants (Mainstone and Schofield, 1996).
Complementing their ecological importance as ecotonesAs spray deposition decreases exponentially with in-
between land and water (Mitsch and Gosselink, 1993)creasing distance from the sprayed area (Ganzelmeier
and as habitats with great diversity and heterogeneityet al., 1995; USEPA, 1999a), a positive effect of buffer
(Wetzel, 1993), specifically constructed wetlands arezones on the reduction of drift access to adjacent water
used extensively for water quality improvement. Thebodies and thus the risk to aquatic organisms is very
concept of vegetation as a tool for contaminant mitiga-likely and has been shown in field trials (De Snoo and
tion (phytoremediation) is not new (Dietz and Schnoor,De Wit, 1998). Vegetated buffer strips were also men-
2001). Many studies have evaluated the use of wetlandtioned as a means of reducing runoff-related pesticide
plants to mitigate pollutants such as road runoff, metals,transport to surface waters. Auerswald and Haider
dairy wastes, and even municipal wastes (Brix, 1994;(1992) investigated copper-containing chemical loss from
Cooper et al., 1995; Gray et al., 1990; Kadlec and Knight,hops and showed that small particles, which may be
1996; Meulemann et al., 1990; Osterkamp et al., 1999;associated with a large proportion of pesticide loss dur-
Scholes et al., 1998; Vymazal, 1990). According to Luck-ing small-sized erosion events (Ghadiri and Rose, 1991),
eydoo et al. (2002), the vital role of vegetation in pro-are retained in grassed buffer strips only if they are at
cessing water passing through wetlands is accomplishedleast 30 m wide. Experiments conducted in France with
through biomass nutrient storage and sedimentation,different herbicides indicated a reduction in runoff vol-
and by providing unique microhabitats for beneficialume by 43 to 99.9% in the presence of grassed buffers
microorganisms. Macrophytes serve as filters by allowingstrips with widths between 6 and 18 m (Patty et al., 1995,
contaminants to flow into plants and stems, which are1997). In a wet 15-m-wide buffer strip, the herbicides
then sorbed to macrophyte biofilms (Headley et al.,isoproturon and pendimethalin were retained by 75 and
1998; Kadlec and Knight, 1996). According to Zabloto-96%, respectively (Spatz et al., 1997). However, there
wicz and Hoagland (1999), whether or not plants areare few studies on the retention capabilities of buffer
capable of transferring contaminants from environmen-zones for insecticides. In summary, the available results

on the effectiveness of buffer zones show buffering ca- tal matrices depends upon several factors including con-
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taminant chemistry, plant tolerance to the contaminant, concentrations and in situ toxicity of chlorpyrifos in the
wetland in South Africa (Moore et al., 2002).and sediment surrounding the plant (e.g., pH, redox,

clay content). Another experiment in Oxford, MS targeted the ef-
fects of vegetated (�90% macrophyte coverage) versusInitially wetlands were employed mainly to treat point-

source wastewater (Vymazal, 1990), followed later by nonvegetated (�5% macrophyte coverage) wetland
mesocosms on the transport and toxicity of parathion-an increased emphasis on nonpoint-source urban (Shutes

et al., 1997) and agricultural runoff (Cole, 1998; Higgins methyl introduced to simulate a worst-case storm event
(Schulz et al., 2003b). Both wetland invertebrate com-et al., 1993; Rodgers et al., 1999). While the fate and

retention of nutrients and sediments in wetlands are munities and midge (C. tentans) exposed in situ were
significantly less affected in the vegetated wetlandsunderstood quite well (Brix, 1994), the same cannot be

claimed for agrochemicals (Baker, 1993). Most of the (Table 5) confirming the importance of macrophytes in
toxicity reduction. Initial parathion-methyl concentra-initial studies referred to the potential of wetlands for

removal of herbicides and some other organic chemicals tions of more than 400 �g/L were reduced to below
detection limit (0.1 �g/L) within 40 m from the inlet in(Kadlec and Hey, 1994; Lewis et al., 1999; Moore et al.,

2000; Wolverton and Harrison, 1975; Wolverton and the vegetated wetlands, while concentrations as high as
8 �g/L were present at 40 m in the nonvegetated wet-McKown, 1976). Since wetlands have the ability to re-

tain and process transported material, it seems reason- lands. A parallel study using laboratory testing with
amphipod (Hyalella azteca) indicated that 44 m of vege-able that constructed wetlands, acting as buffer strips

between agricultural areas and receiving surface waters, tated and 111 m of nonvegetated wetland would reduce
the mortality to �5% (Schulz et al., 2003c). The pro-could mitigate the effect of pesticides in agricultural

runoff (Rodgers et al., 1999). The effectiveness of wet- cesses relevant for aqueous-phase pesticide dissipation
of azinphos-methyl were the subject of another recentlands for reduction of hydrophobic chemicals (e.g., most

insecticides) should be as high as for suspended particles study using the flow-through wetland along one of the
tributaries of the Lourens River in South Africa (Schulzand particle-associated phosphorus (Brix, 1994; Kadlec

and Knight, 1996), since these chemicals enter aquatic et al., 2003a). The living plant biomass accounted for
10.5% of the azinphos-methyl mass initially retained inecosystems mainly in particle-associated form following

surface runoff (Ghadiri and Rose, 1991; Wauchope, the wetland, indicating processes such as volatilization,
photolysis, hydrolysis, or metabolic degradation as be-1978).

Table 5 summarizes the few studies undertaken so ing very important.
Apart from these more focused studies, a few furtherfar on insecticide retention in constructed wetlands and

vegetated ditches. The initial studies attempted to quan- studies are included in Table 5. The implementation of
retention ponds in agricultural watersheds was exam-tify insecticide retention in wetlands by taking input

and output measurements and were done on various ined by Scott et al. (1999) as one strategy to reduce
the amount and toxicity of runoff-related insecticidecurrent-use insecticides in South Africa. Schulz and

Peall (2001) investigated the retention of azinphos- pollution discharging into estuaries. However, wetland
sizes and retention rates are not further detailed. Briggsmethyl, chlorpyrifos, and endosulfan introduced during

a single runoff event from fruit orchards into a 0.44-ha et al. (1998) inferred, from a study in which nursery
runoff was experimentally added to clay–gravel or grasswetland. They found retention rates between 77 and

99% for aqueous-phase insecticide concentrations and beds of up to 91 m in length, a reduction of �99.9% in
terms of the applied chlorpyrifos load, which was not�90% for aqueous-phase insecticide load between the

inlet and outlet of the wetland. Particle-associated insec- further quantified. A positive effect of settling ponds,
situated below watercress (Nasturtium officinale R. Br.)ticide load was retained in the same wetland at almost

100% for all the studied organophosphate insecticides beds in the UK that were not further described, was
documented using mortality and acetylcholinesteraseand endosulfan. A toxicity reduction was also docu-

mented by midge (Chironomus spp.) exposed in situ at inhibition in scud (G. pulex) exposed in situ as endpoints
(Crane et al., 1995b). Retention rates are not given, asthe inlet and outlet of the constructed wetland (Table 5).

Another study performed in the same wetland assessed the concentrations of malathion used in the watercress
beds were not measured in this study.spray drift–borne contamination of the most commonly

used insecticide, azinphos-methyl, and found similar re- In summary, very few and only recent studies have
dealt with wetlands or vegetated ditches as risk mitiga-tention rates; however, the retention rate for the pesti-

cide load was only 54.1% (Schulz et al., 2001c). In paral- tion tools for nonpoint-source insecticide pollution.
However, the results obtained thus far on chemical re-lel, Moore et al. (2001) conducted research on the fate

of lambda-cyhalothrin experimentally introduced into tention and toxicity reductions are very promising
(Table 5), and justify further investigation. A few otherslow-flowing vegetated ditches in Mississippi. They re-

ported a more than 99% reduction of pyrethroid con- studies that have emphasized special aspects of pesticide
fate or toxicity in wetlands (Dieter et al., 1996; Spong-centrations below target water quality levels within a

50-m stretch due to an 87% sorption to plants. A further berg and Martin-Hayden, 1997) or uptake of insecticides
to plants (Hand et al., 2001; Karen et al., 1998; Wein-study demonstrated retention of approximately 55 and

25% of chlorpyrifos by sediments and plants, respec- berger et al., 1982) corroborate the idea that aquatic
macrophytes are important to insecticide risk reduction.tively, in wetland mesocosms (59–73 m in length) in

Oxford, Mississippi as well as a �90% reduction in Certain agricultural sectors, such as the greenhouse
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and nursery industry, have already started to adopt wet- with data from field studies under normal agricul-
tural practice, if available, since effects are not al-lands to treat pesticide-contaminated water (Berghage

et al., 1999). In response to the historic losses of natural ways interpretable from laboratory results.
• More wetland research is necessary to increase ourwetlands, the USDA Natural Resources Conservation

Service has established a conservation practice standard understanding of the relevant chemical and biologi-
cal processes and the long-term sustainability of(Code 656) relating to constructed wetlands and three

standards (Codes 657, 658, and 659) relating to the resto- these systems. Additionally, quantitative results
(e.g., on necessary wetland length or effective plantration, creation, and enhancement of natural wetlands

(USDA Natural Resources Conservation Service, 2002). species) are needed to formulate guidelines for the
construction and management of these wetlands.By establishing these practice standards, farmers and

other agricultural landowners are given instructions on • The definition and implementation of additional
risk mitigation strategies and improved measureshow to develop and use natural and constructed wet-

lands as a best management practice to minimize non- of their mitigation capabilities might make it possi-
ble to adapt the farming and pesticide applicationpoint-source pollution of water bodies.
practice on a local level (e.g., to reduce or differenti-
ate the distances between sprayed fields and surface

CONCLUSIONS AND FUTURE waters for specified compounds).
RESEARCH DIRECTIONS
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